The Zingiber species comprises rhizomatous plants with special significance due to their multiple uses. Previously, we reported the additional use and suitability of primer pairs of rice microsatellite markers as RAPDs for diversity assessment in representative accessions of diverse taxa in the family Zingiberaceae. The current study aimed to investigate the genetic structure of Z. officinale at a genebank, small-scale subsistent farms and commercial markets, and the genetic relationships of three Zingiber species. A difference among accessions at the inter-specific level was observed and amplification of species-specific bands led to high polymorphism. Genetic variability in Z. officinale was exhibited by the three collection sources; however, some of the accessions from each source tended to cluster. AMOVA also displayed significant divergence among the three collection sources and explained most of the variance (87%) within the collection sources. In general, small-scale local farms displayed higher genetic variability in Z. officinale compared to those from the genebank and markets. Comparative assessment displayed high allelic diversity in ginger from Myanmar as compared to other Asian countries. Genetic resources of Zingiber species, particularly available on farms, can be a useful source to capture and utilize diversity for conservation as well as further improvement in gingers.
Introduction
Crop genetic resources with a broad genetic base and high variability are vital to ensure food security for humans. Assessment and characterization of the state of the existing genetic diversity within the taxon is critical for planning a meaningful breeding strategy (Cooper et al. 2001) . Being prone to sexual reproduction constraints, many crop plants, such as Zingiber species, reproduce vegetatively and thus have limited chances of crop improvement. In such species, the extent of genetic diversity is low unless samples are drawn from diverse agro-ecological conditions (Ravinderan et al. 2005) . The possible sources to capture diverse germplasm, especially for clonally reproducing crop plants, could be genebanks, small farms, and markets.
In order to conserve genetic diversity, genebanks have played a prominent role by storing a wide range of crop species, including landraces and their wild relatives, and providing raw material for crop improvement; however, vegetatively propagating crop species are mostly conserved in non-conventional ways, mainly through tissue culture. The germplasm conservatory of vegetatively propagating crops generally contains indigenous germplasm, exotic cultivars, improved cultivars, mutants, tetraploids and related species (IISR 2002) , which could be of use to improve clonal crops. For the conservation and further evolution of plant genetic resources, traditional farming and on-farm management are also important (Biber-Klemm 2002) . There is increasing interest in the on-farm conservation of crop genetic resources as a part of future strategy (Bellon 2004) . Hammer et al. (2003) outlined the differences in conservation and management strategies of three countries while addressing the issue of in-situ and on-farm management of plant genetic resources. They concluded that farmers have played important roles in the sustainability of genetic resources by selection and promoting breeding works in the past. On-farm genetic resource management is a suitable approach and it needs diverse farming methods and social structures (Hammer et al. 2003) .
The genus Zingiber is an important member of the family Zingiberaceae, comprising about 150 species with economic, medicinal, and horticultural significance. The genus is distributed in tropical and subtropical Asia and Far East Asia, and it has been under cultivation in India and China for more than two millennia (Ravinderan et al. 2005) . Because it has medicinal value, much of the available documented information concerns its biochemical aspects (e.g. Shamina et al. 1997 , Singh et al. 2000 , Wohlmuth et al. 2006 . There is a need to conduct studies to evaluate the genetic diversity of ginger for breeding and conservation purposes. Since their discovery, molecular markers have played a tremendous role in delineating the diversity of different crop plants. Each marker type has its own significance, and their selection is purpose-oriented.
RAPD markers are a suitable tool for poorly studied species such as gingers, because it requires no prior information on the genome and is cost effective. Several studies have reported the successful use of RAPD markers to assess genetic diversity and phylogenetic relationships in different crop species (e.g. Da Costa et al. 2006 , Mimura et al. 2000 , Pharmawati et al. 2004 . Being a poorly studied genome, little information is available on the molecular characterization of gingers. Using phylogenetic analysis and metabolic profiling, Jiang et al. (2006) investigated the diversity within and among Zingiber species and found that Z. officinale from different geographical origins were indistinguishable. In another study, 16 elite cultivars of ginger were evaluated using cytological and RAPD markers, and significant variation among cultivars was detected (Nayak et al. 2005) . These few studies are insufficient to demonstrate the status of diversity in the genus and more concentrated efforts are needed. The diversity studies conducted so far were mainly from India and China, and no such effort has been made to study the diversity of Zingiber species in Myanmar, which is also believed to be within the center of diversity of the Zingiberaceae family (Branney 2005 , Jatoi et al. 2007 ).
Myanmar is located in a monsoon area of Southeast Asia, lying between 10° and 28°N and between 92° and 101°E, where the climate is tropical in the south and temperate in the north. The geographic location and climatic conditions make Myanmar a unique area which is rich in plant genetic resources. The rich cultural diversity of different tribal communities and different agricultural production systems might have influenced the crop diversity in Myanmar. Various studies have assessed the high genetic diversity of different crop species from this region (e.g. Wan et al. 2005 . The current study deals with the genetic diversity of germplasm collections of Zingiber species in Myanmar and this was compared with gingers from other Asian countries.
Previously, keeping in view the monocot model of rice and gingers, we made an attempt to test cross-genera amplification of SSRs from rice into some Zingiberaceae members (Jatoi et al. 2006) . Cross-genera SSR amplification did not appear to function well; however, large number of polymorphic DNA fragments, which in general were larger than the original rice fragments, were amplified. The polymorphism generated was analyzed using different multivariate statistical methods, which resulted in discrimination of the taxa under studies at intra-and interspecific levels. This study resulted in the additional use of rice microsatellite markers as RAPD markers. The unique characteristic of these markers was their high reproducibility. The long primer sequence and relatively high annealing temperature could be a possible explanation that showed the superiority of these primer sets over traditional RAPD markers, especially in terms of reproducibility.
In the current study we used the same markers for genetic diversity analysis in a large set of germplasm accessions. The specific objectives were to identify the genetic relationship among the three Zingiber species; as clonal species, whether ginger from different sources shows high genetic similarity, and how ginger from international markets shows various patterns in germplasm.
Materials and Methods

Plant materials and DNA isolation
A set of 55 genotypes representing three species, Z. officinale, Z. barbatum, and Z. mioga of the family Zingiberaceae, was assayed. The major contribution to the germplasm used in this study was from Myanmar and represented three collection sources: an ex-situ genebank, small farms and local markets. In addition to Myanmar, several accessions from other Asian countries were investigated. The two representative accessions of Z. mioga were obtained from Japanese markets: one was a plant that is commonly used for immature flowers whereas the other one has variegated leaves and is used as an ornamental plant. The germplasm accessions, country of origin, and collection sources are shown in Table 1 .
The plants were grown in pots in a greenhouse during 2005. Young leaves excised from the plants furnished tissue for DNA extraction. Total DNA was extracted following the methods of Doyle and Doyle (1990) with slight modifications. Genotypes of the Zingiberaceae generally contain secondary metabolites that often hamper enzymatic reactions after long-term storage. To avoid this problem, use of fresh leaf samples and immediate performance of experiments are strongly recommended. Also, to minimize this problem, 2mercaptoethanol (1%) was added to the extraction buffer.
PCR amplification
We previously screened eight rice SSR primer sets developed by Panaud et al. (1996) and Temnykh et al. (2000) based on their successful amplification profiles and high polymorphism across different genera in the family Zingiberaceae (Jatoi et al. 2006) . The same primer sets, after optimizing the annealing temperature for the Zingiber species, were used. The final volume of the reaction mixture used for PCR analysis was 20 µL, and the solution contained 1 unit of Ex Taq polymerase (Takara), 1x Ex Taq buffer, dNTPs (0.5 mM each), 0.5 µM of each forward and reverse primer, and 25 ng of DNA template. Amplification was conducted in a thermal cycler (Mycycler, ver 1.065, BioRad) with a 5-min initial denaturation at 94°C, followed by 35 cycles at 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1.5 min. A final extension was performed at 72°C for 10 min, followed by cooling to 10°C. PCR products were electrophoresed using 8% polyacrylamide gels and ethidium bromide staining. 
Statistical analysis
The amplified fragments were scored in a binary fashion, with 1 and 0 representing the presence and absence of DNA fragments, respectively. Genetic similarities among genotypes were determined based on the Jaccard (1908) coefficients. A dendrogram was then constructed using the unweighted pair-group method of the arithmetic average (UPGMA) based on the similarity matrix. Principal component analysis (PCA) was performed to reveal the genetic structure among genotypes. PCA and cluster analyses were conducted using NTSYS-pc (Rohlf 2000) . To calculate mean genetic similarities among different sources of collection, a separate matrix for each genebank, farm and market collection was constructed and then averaged. Analysis of molecular variance (AMOVA), as in Peakall et al. (1995) , was calculated to partition the total genetic variance into within and among sources of collection. Gene diversity was calculated as outlined by Nei (1973) . For AMOVA and gene diversity, the computer program GENALEX 6 (Peakall and Smouse 2006) was used.
Results
Polymorphism survey and genetic relationships among Zingiber species
A considerable number of band types (184) were amplified by eight primer sets, ranging from 20 to 28, with an average of 23 band types per primer set ( Table 2 ). All band types across three species in the genus Zingiber were polymorphic, and amplification of species-specific bands led to high polymorphism. In Z. officinale collected from Myanmar, 84 band types were amplified, ranging from 5 to 15, leading to an average of 10.5 fragments per primer set. Sixty fragments were polymorphic with an average of 7.5 polymorphic bands, leading to an average polymorphism rate of 71% (Table 2 ). In a parallel study to analyze genetic diversity in gingers, Nayak et al. (2005) also observed a similar polymorphism rate (69.6%) in Z. officinale. Sixty-seven band types were observed in Z. officinale collected from Asian markets, with an average of 8.4 bands per primer set. Among the amplified bands, 36 were polymorphic and the average number of polymorphic bands amplified by each primer set was 4.5; however, RM171 yielded just monomorphic bands ( Table 2 ). The average number of fragments amplified in the three species was dependant on the primer set. In Z. officinale, it ranged from 4.89 to 11.19, followed by Z. barbatum (9.40-5.10) and Z. mioga (8.50-3.50). Pertaining to allele amplification across species, RM135 amplified high number of alleles.
The representative accessions of Z. officinale, Z. barbatum and Z. mioga displayed interspecific distinction by both multivariate statistical methods. Z. officinale and Z. barbatum grouped into separate clusters, whereas two representative accessions of Z. mioga and one accession of Z. barbatum (ZO104) appeared as separate taxons (Fig. 1) ; however, at a longer node, this accession showed association with one of the accessions (ZO126) of Z. mioga. A similar grouping pattern of the taxa was observed when Principal Component Analysis (PCA) was performed (Fig. 2) . PC1 and PC2 contributed 76.33% and 7.33%, respectively. Many markers correlated with each other and contributed positively to PC1, which leads to a high contribution of PC1 towards total variation. The correlation among many markers is attributable to amplification of species-specific DNA fragments as well as those that were common among species.
In the case of Z. barbatum, all representative accessions showed less similarity and displayed a greater extent of variability among genotypes (Fig. 1) . This was also supported by the high mean variability based on Jaccard's similarity coefficients (0.24). Except for ZO63, all Z. barbatum accessions were landraces and were collected from small-scale local farms. This suggests that the germplasm under investigation was genetically diverse and could be exploited for genetic diversity enhancement programs for Z. barbatum. The one accession of Z. barbatum (ZO104) made a separate taxon. This could be either a unique genotype/landrace or one of the Zingiber species that was misidentified as Z. barbatum; however, only a limited number of accessions was investigated in this study, and additional sampling would contribute to demonstrating the diversity of this species. The two representative accessions of Z. mioga, with different usage and morphology, appeared as separate taxa, as expected ( Fig. 1 and Fig. 2) . Partitioning of the Zingiber species at inter-specific levels, as revealed by the both methods of multivariate analysis, highlighted the usefulness of this marker system for species identification.
Genetic variability in Z. officinale acquired from three different sources
The high molecular variance (87%) was explained by the within-collection source. Among collection sources, the component of genetic variation accounts for 13% and shows statistically significant variation (Table 3 ). The number of alleles amplified in different collection sources was 81, 70 and 69 in farms, a genebank and markets, respectively (Table 4 ). The genetic distance in the three collection sources based on similarity coefficients was 0.61, 0.66 and 0.70 in farms, a genebank and markets, respectively. Similarly, gene diversity in the farm collection was highest (0.26), followed by the genebank (0.18) and market collections (0.14; Table 4 ).
The ginger (Z. officinale) genotypes collected from different sources in Myanmar were grouped into four clusters. In general, Cluster I, II and III consisted of accessions from the genebank, farms and markets, respectively, whereas Cluster IV contained accessions from markets and farms (Fig. 3) . Some accessions from each collection source also made separate OTUs. The two accessions from the genebank (ZO14-1 and ZO75-1) were clustered with the accessions from farms (Cluster II) and markets (Cluster III), respectively. Five of 13 market collections in Myanmar were genetically identical. A similar tendency was demonstrated by the PCA (detailed data not shown).
Genetic diversity in Z. officinale collected from international markets
In addition to Myanmar, the variability of Z. officinale germplasm collected in other Asian countries was also explored. The mean polymorphic fragments generated in the international market collection were 4.5 with a polymorphism rate of 44% (Table 2) . Among primer sets, RM131 was the most effective primer set that detected polymorphism within market samples. The PCA reflected the diverse distribution of the ginger on the scatter plot. The contribution of the first three principal components was 55.75%, 15.11%, and 7.78%, respectively, leading to a cumulative contribution of 78.66% (Fig. 4) . The distribution pattern of the international collection did not reflect an association with the country of collection.
Discussion
Polymorphism and genetic relationships of ginger species
The differential rate of polymorphism in the taxa at intra and inter-specific levels is generally dependant on a wide range of factors, for instance, the breeding system (selfpollinated, cross-pollinated or vegetatively propagated), habitat specialization (homogenous or heterogenous), impact of human communities, preferential selection, and the type of molecular marker used. The high polymorphism detected in this study is of considerable significance, and displayed the resolving power of the marker system used. High allelic diversity is generally associated with the extensive range of genetic diversity represented in the ginger germplasm (Nayak et al. 2005) . Habitat heterogeneity plays a prominent role in maintaining diversity by diversifying selection, especially in clonal species, in contrast to habitat homogeneity, which results in a gradual decrease in diversity through directional selection (Hangelbroek et al. 2002) . Although clonal species, being vegetatively propagated, are supposed to display low genetic variation, genetic divergence among ginger cultivars of the same origin was observed (Nayak et al. 2005) . Amplification of a large number of polymorphic bands, species-specific and even genotype-specific fragments in this study indicated the suitability of these primer sets for diversity assessment in gingers. The marker system divided the genus Zingiber into distinct clusters, which were in accordance with the current taxonomic classification. Dis-crimination among different species in Zingiber was also observed in a recent study using phylogenetic analysis and metabolic profiling (Jiang et al. 2006) . Unique DNA fragments, either species specific (Z. officinale and Z. barbatum) or in some cases, genotype specific (Z. officinale), can serve as potential sources for the identification of genotypes at both intra-and interspecific levels. The information generated by DNA fingerprinting of these fragments will provide a basis for developing STS markers. Comparison of diversity among different collection sources Different criteria and statistical approaches in diversity studies are generally used to obtain a reliable and true picture of genetic diversity. Estimates of gene diversity, similarity coefficients and allele amplification are good indicators that reflect a similar diversity pattern of the germplasm under investigation. Due to a lack of genetic recombination, asexually reproducing species should, theoretically, result in low genetic variation (Hangelbroek et al. 2002) ; however, this is not necessarily true in practice. Most of the variance observed in this study was within collection sources, which indicated the significance of collection sources for capturing genetic variability. High variance within group/population compared with among group/populations was also observed in sexually as well as asexually reproducing species (e.g. Sreekumar and Renuka 2005 , Hangelbroek et al. 2002 , Haldimann et al. 2003 .
Some individuals in the genebank collection were identical based on molecular data. Ideally, accessions from the genebank were expected to show more variability, because they represent different genotypes that were collected from ecologically diverse areas. In addition, landraces and wild relatives of the cultivated species are also housed in the genebanks. Genebank management is rather complex for vegetatively propagated materials and therefore, for higher efficiency, core collections are formed, as they contain the most diverse germplasm and therefore achieve higher priority (Senula and Keller 2000) . These core collections require concerted efforts to characterize, maintain and distribute the germplasm. The presence of duplicates in small collections is generally not desirable. For crop plants that are propagated vegetatively and conserved through tissue cultures, great care must be taken before using them for long-term conservation. A suitable method to avoid this situation, especially in vegetatively propagating species, would be to assess the genetic diversity status using molecular markers before using for long-term storage. Special efforts should also be made before planning germplasm collection expeditions to ensure the coverage of a wide geographic region and also following proper sampling strategies. As an exception, one of the accessions (ZO14-1) from the genebank clustered with a farm accession, possibly because the sampling genotypes of both collection sources were the same. However, the remaining accessions from the genebank were distinct, reflecting a genetically diverse collection. Detailed passport data is essential to address the causes of this biased collection and to avoid unnecessary effort to collect similar genotypes.
The germplasm from the farms showed relatively low similarity, with the exception of two genotypes that were similar based on molecular data. Duplication of genotypes among farmers' collections is not unusual, as germplasm exchange is sometime common practice among farmers, especially in rural communities. Genetic diversity in Myanmar was higher on farms than in other collection sources. This pattern was also confirmed by mean similarity based on the similarity matrix. In an attempt to delineate microevolution-ary processes in landraces from farms, Tosti and Negri (2005) observed a high level of genetic diversity within landraces of cowpeas. They also suggested the best strategy to preserve diversity on farms by giving appropriate advice and support to farmers to maintain their own population. In our study, although fewer samples of Z. officinale from farms were investigated, this reflected the trend of diversity status of Z. officinale in farmers' fields. It would therefore be worthwhile to conduct a comprehensive study focusing more on local farm collections covering geographically and ecologically distinct regions to obtain a clear picture of the genetic diversity in Z. officinale being maintained on farms. This would help to devise effective strategies for in-situ conservation of Z. officinale.
The complete identity of some individuals from the market collection would be expected if either source was similar or the same cultivar planted in different localities ultimately reached the market. The similarity among germplasm accessions at the genetic level may be explained by the high degree of commonality of their pedigree (Souframanien and Gopalakrishna 2004) . Genotypes that formed separate OTUs dissimilar to remaining accessions are potential germplasms that may be exploited to broaden the genetic base. DNA with a distinct profile may contain a greater number of novel alleles and reveal a large number of unique and agronomically useful traits (Souframanien and Gopalakrishna 2004 ). Although one system of markers is not enough to reflect the complete diversity profiles of plant populations, it does yield some estimate of the diversity that can provide the basis for future in-depth studies using different molecular approaches.
Myanmar is among the centers of diversity of gingers (Ravindran et al. 2005) . Genetic variability in gingers exhibited by the three collection sources in this study was also because they belonged to this region. In a similar study, the high level of genetic diversity observed in Curcuma zedoaria was supposed to be due to its close relation to the center of origin with greater diversity (Islam et al. 2006) . Although among-source variation accounted for only 13% of the total molecular variance, it was statistically significant and showed divergence among the three collection sources. As an important consideration, we emphasize that for any crop improvement, especially in Zingiber, depending on only one source for germplasm collection may not be sufficient. The germplasm collection should be made from all possible sources, and it will provide a better picture of the diversity status as well as help to devise a suitable strategy for further improvement and conservation. The criteria used and emphasized by Goodall-Copestake et al. (2005) in selecting material for a collection included taxonomic, ecological, geographical, genetic and morphological diversity.
Genetic diversity in international market collections of ginger
Generally, the extent of genetic diversity in market samples depends on the market preferences or public demand for specific traits that may narrow the diversity within market samples. Moreover, several other factors, such as the number of samples, sampling area, and sampling method, may also influence allelic diversity. The only accession from Bangladesh (ZO79) appeared identical to one (ZO81) from Pakistan, and two accessions each from Japan (ZO94) and China (ZO80-1) were also similar to each other. An explanation of this similarity could be the presence of the same genotype/cultivar in markets in different countries. Variability reflected in the germplasm could be due to adaptability of the crop germplasm in different agro-ecological climatic conditions (Singh et al. 1998) . Introduction of an exotic germplasm into breeding programs could enhance genetic diversity and broaden the genetic base of the existing gene pool. We suggest the inclusion of genetically diverse exotic germplasm in genebank collections as well as crop improvement programs, because genes from exotic germplasm can protect the crop against many stresses (Holland 2004) . A similar point was made by several researchers working on different crop species, including blackgram (Ghafoor and Ahmad 2003) and radish (Rabbani et al. 1998 ).
This study suggested some points for future consideration while initiating genetic diversity studies in ginger species. High molecular variance within collection sources was observed, whereas genetic diversity within farm collections was high as compared to genebank and market collections. This suggested the need to include germplasm from all collection sources with more emphasis on local cultivars and landraces for crop improvement. The considerable polymorphism detected in Myanmar gingers compared with international collections also showed the diverse background of the germplasm under investigation. For long-term conservation, especially crop plants facing sexual reproduction constraints, pre-conservation by checking the genetic diversity status is being emphasized to ensure the removal of duplicated entries. The present study presented a view of the diversity status and indicated the need for further in depth studies. A comprehensive study dealing with different germplasm sources with better sampling strategies and different molecular markers is therefore suggested.
